-5 is essential in early development, we have not detected requirements later in embryogenesis 2; n ϭ 12). Following meiosis, the maternal and paternal pronuclei usually are positioned at opposite poles of or during larval development. When embryos produced at the permissive temperature were shifted to the restricthe cell when they first appear. Normally, the maternal pronucleus then moves toward the paternal pronucleus tive temperature at the two-cell (n ϭ 6) or four-cell (n ϭ 3) stages (see Experimental Procedures), we observed in an MT-dependent manner (Albertson, 1984), eventually meeting near the posterior pole. However, pronudefects in chromosome segregation during subsequent divisions, and embryonic lethality. These data suggest clear migration usually failed in spd-5 mutants, and nuclear envelope breakdown (NEB) occurred without that SPD-5 quickly becomes nonfunctional following the upshift (data not shown). However, upshifts at the 24-pronuclei meeting (19/20 embryos).
In wild-type embryos, maturing centrosomes and the to 28-cell stage did not substantially increase embryonic cytoplasmic cortex (Figure 2A, panels a-c) . In roughly half (6/11) of spd-5(or213ts) mutants examined prior to MT asters associated with the sperm pronucleus first the full condensation of chromosomal DNA during mitobecame detectable shortly after the completion of meiosis, we observed only cytoplasmic MTs and no asters sis, and increased in size until late in mitosis ( Figure 2B , associated with either pronucleus (Figure 2A, panel d) .
panel a). In spd-5 mutants ( Figure 2B , panels g-l), no In the remaining embryos (5/11), we observed a small MT organization was apparent prior to NEB ( Figure 2B , MT aster associated with the sperm pronucleus ( Figure  panels g and h) . After NEB, tubulin::GFP rapidly associ-2A, panel e). While we have not determined that these ated with, and radiated out from, condensing chromosmall asters include a centriole, their presence is consissomes ( Figure 2B , panels j and k). Upon nuclear envetent with the sperm-donated centriole being present but lope breakdown during the second attempt at mitosis, not functional in the absence of SPD-5. After NEB, two we again observed a rapid and apparently random assofoci of condensed chromosomes appeared to nucleate ciation of MTs with condensed chromosomal DNA. roughly radial arrays of MTs, without forming a spindleWe also used time-lapse microscopy to examine chrolike structure (Figure 2A, panel f) . We infer that the two mosome dynamics in live embryos produced by transfoci of DNA in these fixed embryos were derived from genic worms that maternally express a histone::GFP maternal and paternal pronuclei that failed to meet. We fusion protein ( Figure "poles" in spd-5(or213ts) embryos (n ϭ 7). However, (see Introduction). In wild-type, we always detected two in spd-5(RNAi) mutant embryos, no segregation was spots of ␥-tubulin associated with the sperm pronucleus detected during either the first or second attempts at (n ϭ 9) or the mitotic spindle (n ϭ 12). However, we were mitosis (n ϭ 6; see movies in Supplemental Data).
unable to detect any discrete foci of ␥-tubulin in onecell stage spd-5(or213ts) mutants (n ϭ 32; see these proteins were never detected during the first at-4B and 4D). In contrast to the acentrosomal meiotic division of maternal chromosomes, meiotic spindles tempt at mitosis (n ϭ 26 for ZYG-9; n ϭ 11 for AIR-1). We conclude that SPD-5 is required for sperm-donated during spermatogenesis are organized by centrosomes (reviewed in Kimble and Ward, 1988) . Nevertheless, we centrioles to grow and mature into functional centrosomes.
were unable to detect any paternal requirement for SPD-5 after raising homozygous spd-5(or213ts) males at the restrictive temperature throughout larval development SPD-5 Is a Centrosomal Protein If it recruits other proteins to centrosomes, SPD-5 itself (see Experimental Procedures). SPD-5 was not detectable in mature spermatids ( Figure 4D ), suggesting that should localize to centrosomes. To test this prediction, we generated polyclonal antibodies specific for SPD-5 the sperm-donated centrosome is highly reduced in content, and consistent with the strictly maternal reto stain fixed embryos, and found that SPD-5 is a centrosomal protein ( Figure 4A ). We could first detect quirement for SPD-5. SPD-5 in early postmeiotic one-cell stage embryos, prior to pronuclear migration but after the sperm-donated centriole had duplicated to produce two detectable foci SPD-5 Localization Is Independent of MTs and Other Centrosomal Proteins of SPD-5 staining. These two foci greatly increased in size prior to and during mitosis ( Figure 4A ). In metaTo determine where SPD-5 might act in a hierarchy of centrosome maturation, we first determined that it localphase, SPD-5 was evenly distributed throughout centrosomes. In late anaphase or telophase, SPD-5 surizes to centrosomes independently of MTs ( Figure 4C ). We also examined SPD-5 localization in mutant embryos rounded a central core devoid of both MTs and SPD-5 (Figure 4 , telophase, and data not shown). Two different lacking other known centrosomal proteins. Depletion of the Aurora A kinase AIR-1, ␥-tubulin, or the XMAP215 antisera that recognize the same SPD-5 peptide, and one that recognizes a different SPD-5 peptide, gave homolog ZYG-9 severely disrupted mitotic spindle assembly, but two distinct foci of SPD-5 were always visiidentical staining patterns (see Experimental Procedures), and no foci of SPD-5 protein were detected in ble, with higher levels detected late in mitosis ( Figure  5 ; at least ten embryos were examined for each mutant). fixed spd-5(RNAi) or spd-5(or213ts) mutants during the first attempt at mitosis ( Figure 4A) .
In ␥-tubulin and zyg-9 mutants, SPD-5 stained late mitotic centrosomes brightly, although in air-1 mutant emWe detected SPD-5 at centrosomes throughout embryogenesis and during postembryonic meiotic divibryos, somewhat less SPD-5 may accumulate at centrosomes. We detected a single focus of SPD-5 at sions that produce sperm in male nematodes (Figures . In spd-5 mutants, P granules were ton, and S. Strome, personal communication; see Experdelayed but usually did move to the posterior cortex imental Procedures). We sequenced the 16 kb dhc-1 ( Figure 7B ). In 23/32 (72%) pronuclear stage embryos in locus in genomic DNA isolated from or195ts worms and which the DNA was only partially condensed, P granules detected a single base pair change, relative to the wildwere found either throughout the embryo or centrally type sequence. This mutation results in a histidine-tolocalized. P granules were posteriorly localized in equivleucine change at amino acid position 2157 in the prealently staged wild-type embryos (9/9). Late in the first dicted amino acid sequence of DHC-1. mitosis, 81% (21/26) of spd-5(or213ts) embryos had In the process of isolating and mapping these mutaposteriorly localized P granules ( Figure 7B) . Finally, the tions in spd-5 and dhc-1, we performed complementapolarity protein PAR-2 normally is restricted to the cytoplasmic cortex in the posterior half of a wild-type zygote tion tests. All three dhc-1 alleles failed to complement ported. To understand centrosome assembly, maturato localize to spindle poles, while SPD-5 localized to tion, and function, it will be important to identify more centrosomal foci independently of all proteins tested. Recomprehensively the molecules required for these procently, it was shown that the C. elegans Aurora A kinase cesses. Because it is a highly specific and apparently AIR-1 is required for the accumulation of ␥-tubulin that abundant centrosomal protein, and is present at centronormally occurs during centrosome maturation. Howsomes throughout mitosis, SPD-5 may prove useful as ever, ␥-tubulin was still readily detectable at centroa tool for more completely defining the proteins present somes, though reduced in amount, in air-1 mutant emwithin centrosomes. bryos (Hannak et al., 2001) . Thus, SPD-5 appears to be required both for the AIR-1-dependent accumulation of To make dsRNA, PCR with T7 and T3 primers was used to amplify to hatch and exhibited severe spindle defects during the first embrycDNA inserts from lambda phage clones kindly provided by Dr. onic mitosis, when viewed using Nomarski optics (data not shown), Yuji Kohara. RNA was synthesized using T3 and T7 polymerase but 10% hatched (n ϭ 260). Similarly, when or195ts was placed in (Promega), and purified by phenol/chloroform extraction and EtOH trans to a deficiency hDf28, a small fraction of the embryos hatched.
precipitation. Double-stranded RNA was injected into the syncitial Several crosses demonstrated nonallelic noncomplementation gonad of young hermaphrodites by standard methods (Fire et al., between spd-5(or213ts) and dhc-1/let-354(or195ts). or195ts dpy-5 1998). Embryos from injected animals were observed between 24 hermaphrodites were crossed with spd-5(or213ts); him-8 males at and 36 hr postinjection. The clones used in this study include: 15ЊC. L4 F1 non-Dpy hermaphrodites were shifted to 25ЊC. None of yk53g12 (dhc-1), yk80h7 (tbg-1), yk28d2 (zyg-9), yk274b8 (air-1), and the embryos produced by ten hermaphrodites hatched. The reciproyk251e8 (spd-5). cal cross with spd-5(or213ts) unc-13(e450)I hermaphrodites and DNA Sequencing or195ts I; him-8(e1489) IV males was also done. Of the 20 non-Dpy Genomic DNA was extracted from dhc-1/let-354(or195ts) and spdoutcross F1s that were singled, 18 produced no viable embryos, 5(or213ts) mutants, as well as from lin-2(e1309)X, the background and two had mostly dead embryos, with a few hatching. Similar strain in which the mutations were generated. DNA segments spanresults were obtained with dhc-1(or283ts) and dhc-1(or352ts).
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